Dengue virus (DENV), a mosquito-borne virus, is responsible for millions of cases of infections worldwide. There are four DENV serotypes (DENV1 to -4). After a primary DENV infection, the antibodies elicited confer lifetime protection against that DENV serotype. However, in a secondary infection with another serotype, the preexisting antibodies may cause antibody-dependent enhancement (ADE) of infection of macrophage cells, leading to the development of the more severe form of disease, dengue hemorrhagic fever. Thus, a safe vaccine should stimulate protection against all dengue serotypes simultaneously. To facilitate the development of a vaccine, good knowledge of different DENV serotype structures is crucial. Structures of DENV1 and DENV2 had been solved previously. Here we present a near-atomic resolution cryo-electron microscopy (cryo-EM) structure of mature DENV4. Comparison of the DENV4 structure with similar-resolution cryo-EM structures of DENV1 and DENV2 showed differences in surface charge distribution, which may explain their differences in binding to cellular receptors, such as heparin. Also, observed variations in amino acid residues involved in interactions between envelope and membrane proteins on the virus surface correlate with their ability to undergo structural changes at higher temperatures.
D
engue virus (DENV) (1) may be responsible for up to 400 million infections worldwide annually (2) . It causes febrile illness accompanied by rashes and joint and muscle pain (1) . A fraction of the patients develop the more severe forms of the disease: dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS), which are fatal if left untreated (1) . To date, only symptomatic treatments are available, although there are several vaccine candidates currently undergoing clinical trials.
DENV is a member of the family Flaviviridae. There are four cocirculating serotypes, DENV1 to -4 (3, 4) . Usually, an infection with DENV leads to a long-term immunity against that serotype but short-term to no immunity against other serotypes. It has also been shown (5) that an infection with a serotype different from that of the previous infection could potentially lead to the development of DHF/DSS. This may occur in part due to antibodydependent enhancement (ADE) of infection of macrophage cells, facilitated by cross-reactive, nonneutralizing antibodies or by subneutralizing concentrations of antibodies binding to virus (5, 6) .
Numerous attempts have been made to reduce infection via the eradication of its mosquito vector, Aedes aegypti. These efforts started in the 1970s and had been shown to be successful for a period of time in Singapore and Cuba (7) . However, such efforts were proven to be unsustainable (8) by the explosion of dengue fever cases in recent years (4) . A long-term solution to fully eradicate the disease can be achieved by making a safe and effective vaccine, which can simultaneously stimulate protection against all four serotypes. This would eliminate the possibility of an individual vaccinated against one DENV serotype becoming potentially primed to develop the more severe form of the disease when exposed to another serotype.
DENV is a positive-sense RNA virus with a particle diameter of about 500 Å. The glycoprotein shell consists of envelope (E) and membrane (M) proteins embedded in a host-derived bilipid membrane. Inside the virus particle is the 10.5-kb single-stranded RNA genome complexed with capsid proteins. The surface of DENV particles had been previously shown to be highly dynamic. It can undergo major structural changes at various stages of the infection cycle (9) . Previous studies of interactions of DENV2 with antibodies demonstrated that the usually inaccessible parts of its shell proteins could be exposed when the incubation temperature is raised to 37°C (10, 11) . Also, cryo-electron microscopy (cryo-EM) reconstruction of DENV2 particles that were incubated at 37°C showed that the particles had expanded and acquired a bumpy surface (12, 13) .
During infection, the virus first attaches to cell surface receptors, such as DC-SIGN (14) , heparan sulfate (15, 16) , and others. After clathrin-mediated endocytosis, the low pH in the endosome induces the E proteins on the virus surface to undergo structural rearrangement from dimers to trimers (9) . This leads to fusion of the virus particle with the endosomal membrane, releasing its RNA genome into the cell cytosol. The RNA genome is translated into a single polyprotein, which is cleaved by a series of host and viral proteases into three structural proteins (capsid, premembrane [prM] , and E) and seven nonstructural proteins. Virus particles are assembled in the endoplasmic reticulum. The surface of the newly synthesized immature virus particles contains trimeric spikes made from heterodimers of E and prM proteins, with the pr peptide of the prM positioned at the tips of the spikes (17) . The virus matures when transported through the acidic compartments of the trans-Golgi network. In this process, the virus undergoes dramatic structural change from the originally spiky-looking surface to a smooth-looking one. This structural rearrangement involves the reorganization of the E-prM trimers into E-prM dimers, which exposes the furin protease cleavage site on the prM. After furin cleavage, the pr molecules stay associated with the virus particles. The virus becomes fully infectious after release from the cell, when the pr molecules dissociate from the virus in the neutral-pH extracellular environment (18) .
To develop a safe dengue vaccine and effective therapeutic, it will be an advantage if the high-resolution structures of all DENV serotypes are available. So far, cryo-EM structures of the mature DENV1 (19) and DENV2 (20) are solved to 4.5-Å and 3.6-Å resolutions, respectively. Here we present the structure of mature DENV4 at a 4.1-Å resolution. While the overall organization of the shell proteins of DENV4 is very similar to that of the previously reported DENV serotypes, the surface characteristics are markedly different. Also, the number of contacts between the shell proteins varies between serotypes, which may explain their differences in ability to undergo structural changes at increased temperature.
MATERIALS AND METHODS
Virus sample preparation. DENV is classified as a biosafety level 2 (BSL2) agent in Singapore; therefore, all procedures involving virus sample were carried out in BSL2-certified facilities. The method has been described previously (21) . Briefly, C6/36 cells were infected with DENV4 strain SG/ 06K2270DK1/2005 at a multiplicity of infection of 0.1 and incubated at 29°C. The virus supernatant was harvested after 4 days and centrifuged at 6,000 rpm for 30 min. Virus was precipitated with 8% (wt/vol) polyethylene glycol 8000 (PEG8000) (Sigma-Aldrich) at 4°C overnight. The virus was collected by centrifugation, and the pellet was resuspended in NTE buffer (12 mM Tris, pH 8.0, 120 mM NaCl, and 1 mM EDTA). The virus was further purified through a 24% (wt/vol) sucrose cushion and then a linear 10 to 30% (wt/vol) potassium tartrate-glycerol gradient. The virus band was collected, buffer exchanged to NTE buffer, and concentrated in an Amicon Ultra centrifugal filter (100-kDa molecular weight cutoff [MWCO]; Millipore).
Cryo-electron microscopy and image data processing. Lacey carbon copper grids with a layer of thin carbon were used. A 2.5-l sample was pipetted onto the grid and then blotted with filter paper for 2 s before flash freezing in liquid ethane using an FEI Vitrobot Mark IV instrument. Image acquisitions were done on an FEI Titan Krios electron microscope operating at 300 kV at liquid nitrogen temperature with a nominal magnification of 75,000 and an electron dose of 18e Ϫ /Å 2 . The images were collected with a 4,000 (4K)-by-4K-resolution FEI Falcon direct electron detector. After calibration, the image pixel size was determined to be 1.08 Å. In total, 718 images were collected. Virus particles were selected semiautomatically, by using the e2boxer tool (Swarm mode) in the EMAN2 (22) defocus parameters for each micrograph were estimated using the program CTFFIND3 (23) .
Image reconstruction and protein model building. Image reconstruction was done in an iterative manner: the orientation assignment for all images was carried out using a multipath simulated annealing protocol (24) followed by three-dimensional (3D) reconstruction using the make3d software program from EMAN (25) , modified to handle astigmatic contrast transfer function (CTF). An 8-Å resolution structure of mature DENV1 was used as a starting model. After 20 iterations of the orientation search and reconstruction, the result converged. In the end, 16,602 particle images were selected from the data set to produce the final map. The resolution was determined by plotting the Fourier shell correlation coefficient between reconstructions generated from two half-data sets with a cutoff value of 0.5.
The cryo-EM structure of mature DENV2 asymmetric unit (PDB code 3J27) was used as a basis to manually build the model of DENV4 using the software program Coot (26). The structure was then refined using the CNS (27, 28) software package, using the simulated annealing protocol with icosahedral symmetry constraints.
Accession numbers. The cryo-EM map of mature DENV4 has been deposited in the Electron Microscopy Data Bank (EMD-2485). The coordinates of the component proteins were deposited in the Protein Data Bank (PDB code 4CBF).
RESULTS AND DISCUSSION
The DENV4 structure (Fig. 1A to C) shows a 480-Å-diameter icosahedral virion with three copies each of the E and M proteins in an asymmetric unit. Three parallel-lying dimers assemble into a raft, and the rafts are arranged in a characteristic herringbone pattern (Fig. 1C) . The E proteins form the outer shell and are anchored in the membrane together with the M proteins. The densities corresponding to the polypeptide chains of the component proteins are well resolved ( Fig. 1D and E) in the 4.1-Å-resolution map (Fig. 1F) . The E protein consists of five domains, of which domains I, II, and III form the mostly ␤-structural ectodomain, which is similar to the DENV4 E protein ectodomain crystal structure (29) but twisted to follow the virus shell curvature, and the ␣-helical stem and transmembrane regions form the membrane anchor (Fig. 2A) . The M protein consists of a loop at the N terminus followed by membrane-associated ␣-helical stem and transmembrane regions (Fig. 2A) . The N-terminal loop makes extensive contacts with the underside of the E ectodomain. As in other dengue virus structures, the capsid protein is not visible. The three individual E protein molecules in an icosahedral asymmetric unit are not completely identical, with the main structural variation in the loops at the edges of the molecules involved in contacts with the neighboring asymmetric units near the 3-and 5-fold icosahedral vertices (Fig. 2B) .
Superposition of the E proteins of DENV4 strain SG/ 06K2270DK1/2005 with DENV2 strain New Guinea C (30) and DENV1 strain PVP159 (19) does not show significant structural differences (Fig. 3A) . The root mean square deviation (RMSD) value between the C-␣ chains of DENV4 and DENV2 is 1.5 Å, and that between DENV4 and DENV1 is 1.2 Å. The E protein sequence of DENV4 shares about 60% identity to that of both DENV2 and DENV1. Analysis of the surface electrostatic potential showed that the surface charge distribution of DENV4 is different from that of the others (Fig. 3B) . Heparan sulfate, an ancillary DENV receptor, consists of repeating disaccharide units, imparting to it an overall negative charge. It has been shown to bind strongly to DENV2 and weakly to DENV1 and DENV4 (31) . The surface potential on DENV2 showed larger continuous patches of positive charges compared to those for DENV1 and DENV4, and this may facilitate enhanced binding to heparan sulfate. It has been shown previously that passaging virus in certain cell lines (FRhL, SW13, and BHK21) may increase its affinity for heparan sulfate (32, 33) . If this is the case, then the comparison between DENV2 and DENV4 with different passage histories might not be valid. However, Añez The DENV surface is stabilized by a combination of E protein intradimeric, interdimeric, and interraft interactions (Fig. 1C) . The residues involved in these contacts are more conserved than those on the surface-exposed areas of the E proteins. The virus may have evolved in this way so that its surface can easily change without affecting its structural integrity in order to evade the immune system.
Particles of DENV2 had been observed to expand with incubation at 37°C (12, 13) . To test whether this occurs in other serotypes, we incubated DENV1 strain PVP159 and DENV4 strain SG/06K2270DK1/2005 for 30 min at 37°C. The virus particles of DENV4 (Fig. 4A) and DENV1 (Fig. 4B) , in contrast to those of DENV2 strain NGC (Fig. 4C) , seemed to maintain their size and smooth appearance, indicating that both of these serotypes are more structurally stable at 37°C. Although DENV1 and DENV4 do not expand as does DENV2, we cannot eliminate the possibility that there may be small local domain movements. A further increase in temperature to 40°C caused DENV4 to aggregate (Fig. 4D ), with the virus particle size unchanged and the surface still visibly not as bumpy as that in DENV2 (Fig. 4C) .
The previously reported structure of the DENV2 at 37°C (12) showed expanded structure where the E intradimer contacts were mostly maintained but the E interdimeric and interraft interactions were disrupted. We compared the structures of the DENV serotypes in terms of the numbers of possible residues that could be involved in hydrogen bonds and electrostatic interactions within E protein dimers, between E protein dimers, and between rafts (Table 1) . We assumed that the distance of 8 Å or less between the C-␣ atoms of two residues indicates possible interaction. The results showed that DENV2 and DENV4 are similar to each other in terms of the number of contacts compared to DENV1. Overall, DENV1 shows stronger intradimeric but weaker interdimeric and interraft contacts than DENV2 and DENV4. DENV4 has the highest number of residues that could be involved in interraft contacts and strong interdimeric interactions, consistent with its observed structural stability at higher temperatures (Fig. 4D) .
Although the residues involved in the E and M protein interactions are the most conserved, with 88% identity between the three serotypes, the nonconserved residues are mostly charged. Analysis of the contacts showed that DENV2 had significantly fewer charged residues at its E-M interface than either DENV1 or DENV4. In the DENV2 expanded structure, the E protein layer moved to a higher radius, indicating that the E protein would have to dissociate from the M protein anchored in the membrane. The smaller number of contacts in this interface of DENV2 is consistent with its observed lower thermal structural stability of the virus surface. The strength of the E-M protein interactions may thus be indicative of the ability of virus to undergo expansion at human physiological temperature. This is also supported by the observation that DENV1, with fewer interdimeric and interraft contacts than DENV2, is structurally more stable at 37°C (Fig. 4B and C) .
In conclusion, comparison of our near-atomic-resolution structure of DENV4 to the other DENV serotype structures at similar resolutions allow us to observe differences in their virus shell features. In addition, it also enables us to locate regions that are likely to be important in conferring structural stability. This structure can be used as a model for in silico studies of virus interaction with receptors, antibodies, and drugs. a Since most side chain densities are not resolved, it is assumed that the distance of 8 Å or less between the C-␣ atoms of two residues indicates possible interaction. Here we count the number of strongly charged residues (Asp, Glu, Lys, and Arg) and polar residues (Asn, Gln, and His) since they may form electrostatic interactions or hydrogen bonds, respectively, with nearby main chain or residues with suitable side chains. Numbers given are of interacting residues per raft.
